T^N WA VEGUIDE BASFXi nFSICN FOR 
PHOTONIC INTEGRATED CIRCUITS 

RELATED AP PLICATIONS 

^\ The invention is related to US Provisional Application 60/090,451, filed on June 
24,\998, entitled TWIN WAVEGUIDE BASED DESIGN FOR PHOTONIC 
INTEGRATED CIRCUITS, the subject matter thereof being fully incorporated by 
reference serein. 

FIELD OF THE INVENTION 

The present invention is related to the field of optical communications, and more 
particularly to waveguide design in photonic integrated circuits. 

RACKC-ROUNn OF THE INVENTION 

Photonic integrated circuits (PIC) provide an integrated technology platform 
increasingly used to form complex optical circuits. The PIC technology allows many 
optical devices, both active and passive, to be integrated on a single substrate. For 
example, PICs may comprise integrated lasers, integrated receivers, waveguides, 
detectors, semiconductor optical amplifiers (SOA), and other active and passive 
semiconductor optical devices. Such monolithic integration of active and passive devices 
in PICs provides an effective integrated technology platform for use in optical 
communications. 
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A particularly versatile PIC platform technology is the integrated twin waveguide 
(TG) structure in which active and passive waveguides are combined in a vertical 
directional coupler geometry using evanescent field coupling. As is known, the TG 
structure requires only a single epitaxial growth step to produce a structure on which 
active and passive devices are layered and fabricated. That is, TG provides a platform 
technology by which a variety of PICs, each with different layouts and components, can 
be fabricated from the same base wafer. All of the integrated components are defined by 
post-growth patterning, eliminating the need for epitaxial regrowth. Additionally, the 
active and passive components in a TG-based PIC can be separately optimized with post- 
growth processing steps used to determine the location and type of devices on the PIC. 

The conventional TG structure, however, suffers from the disadvantage that 
waveguide coupling is strongly dependent on device length, due to interaction between 
optical modes. A common problem in prior-art TG structures is the relative inability to 
control the lasing threshold current and coupling to the passive waveguide as a 
consequence of the sensitivity to variations in the device structure itself. The sensitivity 
variations arise from the interaction between the even and the odd modes of propagation 
in the conventional TG structure. This interaction leads to constructive and destructive 
interference in the laser cavity, which affects the threshold current, modal gain, coupling 
efficiency and output coupling parameters of the device. It is noted that the threshold 
current represents the value above which the laser will lase, the modal gain is the gain 
achieved by traveling through the medium between the laser facets, and the coupling 
efficiency is the percentage of optical power transference between the active and passive 
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regions in the optical device. In sum, the conventional TG structure suffers from unstable 
sensitivity in performance characteristics due to laser cavity length, even/odd mode 
interaction and variations in the layered structure. 

A modified TG structure was disclosed in US Patent 5,859,866 to Forrest et a/., 

5 which addressed some of the performance problems of the conventional TG structure by 
adding an absorption layer (or loss layer) between the upper and lower waveguides, 
thereby introducing additional loss to the even mode so that its interaction with the odd 
mode is attenuated. That patent, which includes common inventors with the invention 
described herein, is hereby incorporated by reference herein. The modified TG structure 

10 described in the 4 866 patent is designed to have relatively equal confinement factors for 
both the even and odd modes in each waveguide layer by constructing active and passive 
waveguides of equal effective indices of refraction. The resulting confinement factors are 
relatively the same because the even and odd optical modes are split relatively equally in 
the active and passive waveguides. The absorption layer in the modified TG structure 

15 suppresses lasing on the even mode, thereby making the TG coupling efficiency 
independent of laser cavity length. The absorption layer substantially eliminates the 
propagation of the even mode, while having minimal effect on the odd mode. With the 
substantial elimination of even-mode propagation by the absorptive layer, modal 
interaction is largely eliminated, resulting in optical power transfer without affecting 

20 performance parameters such as the threshold current, modal gain, coupling efficiency 
and output coupling. 
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However, the modified TG structure of the '866 patent is ineffective in a device 
with a traveling-wave optical amplifier (TWA), which is an important component in PICs 
designed for optical communication systems. In a TG device with an absorption layer 
operated as a TWA, the additional absorption in the single pass through the active region 
is insufficient to remove the even mode. It is desirable to have a common optical 
structure that can be effectively utilized for integrating both lasers and TWAs. 

Therefore, there is a need in the art of optical communications to provide a 
relatively simple and cost-effective integration scheme for use with a traveling-wave 
optical amplifier (TWA). 

There is a further need in the art to provide a twin waveguide (TG) structure that 
ensures stability in the laser and the traveling-wave optical amplifier (TWA). 

There is a further need in the art to provide a TG structure that significantly 
reduces negative effects of modal interference without the concomitant coupling loss. 

There is a further need in the art to provide a TG structure with the 
aforementioned advantages that can be monolithically fabricated on a single epitaxial 
structure: 

SUMMARY O FTHF INVENTION 

The invention provides an asymmetric twin waveguide (ATG) structure that 
significantly reduces the negative effects of modal interference and which can be 
effectively used to implement both lasers and traveling-wave optical amplifiers (TWA). 
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The ATG in the invention advantageously ensures stability in the laser and the TWA. In 
addition* the ATG provided in the invention can be monolithically fabricated on a single 
epitaxial structure without the necessity of epitaxial re-growth. Most importantly, the 
ATG, according to the present invention, is a versatile platform technology by which a 
variety of PICs, each with different layouts and components, can be fabricated from the 
same base wafer and modified with conventional semiconductor processing techniques to 
produce substantial modal gains and negligible coupling losses between PIC components. 

In an embodiment of the ATG structure of the invention, the effective index of 
one of the passive waveguides in the ATG is varied from that of a symmetric twin 
waveguide such that one mode of the even and odd modes of propagation is primarily 
confined to the passive waveguide and the other to the active waveguide. As a result, the 
mode with the larger confinement factor in the active waveguide experiences higher gain 
and becomes dominant. 

In an illustrative embodiment, monolithic integration of a 1.5 Sum wavelength 
InGaAsP/InP multiple quantum well (MQW) laser and a traveling-wave optical amplifier 
(TWA) is achieved using the ATG structure of the invention. The laser and the amplifier 
share the same strained InGaAsP MQW active layer grown by gas-source molecular 
beam epitaxy, while the underlying passive waveguide layer is used for on-chip optical 
interconnections between the active devices. In this particular embodiment, the passive 
waveguide has a higher effective index than the active waveguide, resulting in the even 
and odd modes becoming highly asymmetric. An appropriate combination of the 
thickness and index of refraction of the materials chosen for the waveguides results in 
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modifying the effective index of refraction. The ATG structure uses the difference in 
modal gains to discriminate between the even and odd modes. 

In a further embodiment, the active waveguide in a monolithically integrated 
device is laterally tapered by conventional semiconductor etching techniques. The 
tapered region of the active waveguide, at a junction of active and passive devices, helps 
to reduce coupling losses by resonant or adiabatic coupling of the optical energy between 
the passive waveguide and the active waveguide. As a result, the modal gain is 
significant compared to the symmetric TG structure and the coupling loss in the non- 
tapered ATG structure is reduced to negligible levels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be obtained by 
considering the following description in conjunction with the drawings in which: 

Figure 1 is a refractive index profile of the even and the odd modes of the 
asymmetric twin waveguide (ATG) structure in accordance with the present invention. 

Figure 2 is a schematic view of the ATG structure in accordance with the present 
invention; 

Figure 3 shows a schematic view illustrative of device fabrication for the ATG 
structure of the present invention. 
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Figure 4 is a three-dimensional schematic of the ATG structure including a taper 
coupler in accordance with the present invention, 

DETAILED DE SCRIPTION 

As already noted in the Background, the twin-waveguide approach to photonic 
integration represents a versatile platform technology by which a variety of PICs, each 
with different layouts and components, can be fabricated from the same base wafer - that 
wafer being grown in a single epitaxial growth step. Typically, the upper layer is used for 
active devices with gain (e.g., lasers, SOAs), whereas the lower layer, with a larger 
bandgap energy, is used for on-chip manipulation of the optic energy generated by the 
active device(s) via etched waveguides. With such a TG structured PIC, active 
components such as semiconductor optical amplifiers (SOAs), Fabry-Perot and single 
frequency distributed Bragg reflector (DBR) lasers can be integrated with passive 
components such as Y-branches and multi-beam splitters, directional couplers, distributed 
Bragg feedback grating sections, multimode interference (MMI) couplers and Mach- 
Zehnder modulators. 

As previously noted, the simple TG structured PIC suffers from a strong 
dependence between waveguide coupling and device length, due to the interaction 
between optical modes. For TG lasers, this problem has been addressed by the addition of 
an absorption layer between the upper and lower waveguides, as disclosed in cross- 
referenced US Patent No. 5,859,866. Such an inserted absorption layer introduces 
additional loss to the even mode, thereby attenuating its interaction with the odd mode. 
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However, the loss layer concept cannot be effectively applied to a single-pass or 
traveling-wave optical amplifier (TWA), where both the even and odd modes must be 
considered. In a TG structure incorporating a TWA, the additional absorption in the 
single pass through the active region is insufficient to remove the even mode, since in a 
TWA, reflectivity is suppressed for both facets of the semiconductor laser. 

Accordingly, a new, more advantageous approach to mode selection in a TG is 
disclosed herein - an asymmetric twin waveguide structure, which can be effectively 
utilized with a TWA and a laser. With a symmetric TG, as described above, equal 
confinement factors exist for both the even and odd modes in each waveguiding layer. 
This permits nearly complete power transfer between the guides and the maximum output 
coupling at an etched half-facet is 50 percent for either mode. With the asymmetric twin 
waveguide (ATG) structure of the invention, on the other hand, the effective index of the 
passive or active waveguide layer is changed relative to that used in a symmetric TG 
structure. As a result of differing effective indices of refraction, the even and odd modes 
of propagation are split unequally between the waveguides. The unequal splitting is 
shown graphically in Figure 1, which illustrates the modal intensity and refractive index 
profile of the ATG structure of the invention. As will be seen in the figure, in this 
particular case, the odd mode is primarily confined to the active waveguide, while the 
even mode is more strongly confined to the passive waveguide. The figure also shows, 
for an illustrative embodiment of the invention described below, the calculated 
confinement factors for both modes in the quantum wells (r 2 *) in the active waveguide, 
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and their coupling coefficients to the passive waveguide (C 0 , C e for odd and even modes, 
respectively). 

With the ATG structure of the invention, the odd mode has higher gain and 
reflectivity at the etched facet, and therefore easily dominates in an ATG laser. 
Accordingly, for such an ATG laser, the absorption layer needed for the symmetric TG is 
not warranted. However, for a traveling wave optical amplifier (TWA) implemented in 
the ATG active waveguide, the situation is more complex, because both modes must be 
considered. As light enters the ATG TWA section, it splits between the even (e) and odd 
(o) modes with the amplitude coupling coefficients, C e and C 0 equal to the overlap 
integrals of the corresponding modes with the mode of the passive guide. The same 
coupling coefficients apply at the end of the TG section. Ignoring gain saturation effects, 
the total input-to-output electric-field transmission ratio is: 

E ou /E in = C e 2 exp(r e e V/2) + C 0 2 exp(T 0 Q}V g L/2)exip(iAkL) 
where g is the gairi of the quantum well stack, L is the length of the TG section, and Alc L 
is the phase difference between the even and odd modes at the amplifier output due to 
their slightly different propagation constants. For sufficiently large gL, the odd mode is 
amplified much more than the even, and dominates the TWA output regardless of phase. 
In this circumstance, the even mode can be ignored, and the input-to-output power gain is 

P 0 JP in = C 0 *ex V (T 0 Q "gL). 
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Hence, the ATG structure of the invention uses gain, rather than a loss layer, to 
discriminate between the modes. This ensures stability of both ATG lasers and TWAs by 
reducing mode interference effects. 

An illustrative embodiment of the invention is depicted schematically in Figure 2. 
In the illustrated ATG structure 11, shown in vertical cross-section in the figure, two 
stacked waveguide layers 61 and 71 are separated by cladding layers 31 and 41. The 
active waveguide 71 incorporates multiple quantum wells 115 for high gain. For an 
exemplary embodiment, six such quantum wells are selected, and the active waveguide 
implements a laser and a TWA. Vertical facets 150 and 160 are formed in the active 
waveguide for the laser and the TWA. Passive region 61 incorporates a passive 
waveguide 125 for propagating light emitted from the active waveguide. The refractive 
indices and thickness of the waveguide layers are chosen to achieve a 30:70 ratio of 
confinement factors in the passive guide for the odd and even modes, respectively. The 
resulting quantum well confinement factors are 11% for the odd and 5% for the even 
mode. 

Fabrication of this illustrative ATG structure, which is depicted schematically in 
Figure 3, is carried out using gas-source molecular beam epitaxy on an S-doped (100) n+ 
InP substrate. After epitaxial growth, active regions of the laser and TWA are masked 
using a 3000A thick layer of plasma-deposited SiN r The unmasked areas are etched to 
the bottom of the first waveguide using reactive ion etching in a CH 4 :7H 2 plasma at 0.8 
W/cm 2 . This etch removes the upper waveguide layer and quantum wells from the 



10 



0199969.02 
071948-30283 



ft PU-2 



Q 



firs 



passive regions of the device, and at the same time, forms the vertical facets (150 and 160 
of Figure 2) for the laser and TWA. 

A second, 5 jam-wide SiN x mask is then used to define the ridge waveguide. This 
ridge (as shown in Figure 3) runs perpendicular to the etched facet in the laser section, 

5 and is tilted at a 7° angle from the normal position at both TWA facets in order to prevent 
optical feedback into the amplifier. The ridge waveguide is formed by material-selective 
wet etching using a 1H 2 S0 4 :1H 2 0 2 :10H 2 0 for InGaAsP, and 3HC1:1H 3 P0 4 for InP. The 
ridge is about 3.8nm wide, and supports a single lateral mode. The ridge height in the 
active and passive regions is different, controlled by two InGaAsP etch-stop layers. 

10 During the wet etching process, the dry-etched facets of the laser and TWA are protected 
by the ridge mask which is continuous on the vertical walls. Following deposition of the 
isolation SiN x , the wafer is spin-coated with photoresist which is then etched in an 0 2 
plasma until the top of the ridge is exposed. The SiN x is then removed from the ridge, 
followed by the removal of the photoresist. In the next step, the p- and n-contacts are 

15 electron-beam deposited using Ti/Ni/Au (200/500/ 1200 A) and Ge/Au/Ni/Au 
(270/450/21 5/1200A), respectively. Finally, the rear laser facet and the TWA output 
waveguide are cleaved. 

With the ATG structure of the invention as heretofore described, the confinement 
factors for the two optical modes (odd and even) are split unequally between the active 
20 and passive waveguides. As a result, one of the modes is primarily confined to the 
passive waveguide and the other to the active waveguide. The mode which is contained 
primarily in the upper waveguide experiences higher gain and becomes dominant. Thus, 
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the ATG structure provides a gain advantage, and generally higher stability, over a 
symmetric TG structure. However, the ATG structure also produces a relatively larger 
coupling loss than is experienced with the symmetric TG. While the higher gain for the 
ATG structure more than offsets this relative disadvantage in coupling loss, it would be 
desirable to provide an ATG structure with lower coupling loss. To that end, a further 
embodiment of the invention is disclosed herein which improves the efficiency of 
coupling power between the active to the passive waveguide and back in an ATG. 

In particular, this further embodiment of the invention applies a lateral taper on 
the active waveguide to induce coupling between the active region and the adjacent 
passive region. This implementation drastically reduces coupling losses between the 
waveguide layers while retaining the absolute gain for the dominant mode in the active 
region. The performance of such an ATG combined with a taper on the active waveguide 
rivals the performance of devices previously possible only using complicated epitaxial 
regrowth processes. 

Referring to Figure 4, there is shown an exemplary embodiment of an ATG taper 
coupler in accordance with the invention. The exemplary ATG structure 11 of Figure 4 
incorporates a 2.4 \xm wide shallow ridge waveguide in the upper active layer having an 
effective index higher than that of the lower passive layer. Hence, the even mode of 
propagation has a high confinement factor in the multiple quantum well active region. 
Under this condition, only the even mode of a Fabry-Perot laser will undergo significant 
gain. The coupling of this amplified mode into the passive layer at the end of the gain 
region is accomplished by increasing the etch depth of the waveguide ridge through the 
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active layer to form a high-contrast lateral waveguide followed by a lateral taper region 
81. For the exemplary embodiment, an exponential taper is used, which has a smaller 
mode transformation loss than a linear taper. It should, however, be understood that 
tapers of other shapes, as well as multi-section tapers, may be incorporated into the active 
waveguide and are within the contemplation of the invention. 

At a tapered waveguide width of 1.1 jam for the exemplary embodiment, the 
effective indices of the two guides are matched and the power couples into the lower 
waveguide. As the taper narrows further, its effective index becomes smaller than that of 
the passive guide, in effect, locking the mode into the lower layer. This coupling 
arrangement is largely insensitive to small wavelength changes as long as the untapered 
ATG structure remains strongly asymmetric. 

Fabrication of the exemplary ATG taper coupler is as follows: An InGaAsP 
passive waveguide 61 is first grown on a n+ doped (100) InP substrate 51. The passive 
waveguide 61 is 0.5 fim thick and has an energy gap cutoff wavelength of X g of 1.2 ^m. 
An InP cladding layer 41 of thickness 0.5 ^im is followed by an InGaAsP active 
waveguide 71 with an energy gap cutoff wavelength of X g of 1.20 ^m. The active 
waveguide 71 incorporates six 135 A thick, 1% compressively strained InGaAsP quantum 
wells separated by 228A barriers. An InP top cladding layer 31 is grown to a thickness of 
1.2 ^m and then a p+ InGaAsP contact layer 21 of 0.2 urn thickness is grown on top of 
the top cladding layer 31. 
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Once the basic twin-guide structure has been grown, a laser ridge waveguide with 
tapers at both ends is etched in a CH 4 /H 2 (1:7) plasma at 0.8 W/cm 2 using a SiN x mask. 
The 1.2 urn high ridge terminates approximately 0.2 urn above the active waveguide. 
Next, a second, wide SiN x mask is added to cover the laser gain region but not the tapers. 
Etching is continued through the active waveguide defining the vertical walls of the taper 
and the etched facet, the latter being tilted at an angle of 7° from the waveguide 
longitudinal axis to prevent unwanted reflections. Next, the 700 nm high passive ridge is 
patterned and etched, extending 0.2 ^im into the lower waveguide. After etching, a 
3000A thick SiN x electrical isolation layer is deposited, followed by a Ti/Ni/Au 
(200/500/1200A) p-contact patterned using a self-aligned photoresist process. Finally, 
the wafer is thinned to approximately 100 ^im and the Ge/Au/Ni/Au 
(270/450/215/1200A) n-contact is deposited and annealed at 360° C. 

The inventors have empirically concluded that additional loss in the integrated 
devices due to the taper couplers is negligible. Empirical results also show that an ATG 
taper coupler with integrated lasers with L A = 2.05 mm produced output powers < 
approximately 35 mW with 24% slope efficiency per facet. Imaging the facets with an 
infrared video camera clearly shows that almost all of the power is emitted from the 
waveguide, with very little light scattered from the tapered region. 

In a further embodiment, a grating region is incorporated atop the passive 
waveguide. The grating region can be conventionally etched or formed on the passive 
waveguide and can be shaped with triangular peaks or can be sinusoidal or rectangular in 
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shape with repeating patterns. The grating region is used to select certain frequencies for 
transmission of light through the passive waveguide. By selectively adjusting the period 
of the grating region, the frequency to be reflected can be selected. 

The invention can also be embodied in other integrated devices, using lasers and 
TWAs as the active components, interconnected by waveguides formed in passive layers 
using tapers at each active-to-passive junction providing low-loss optical coupling of 
light between adjacent sections. 

CONCLUSION 

A monolithically integrated InGaAsP/InP MQW laser and optical amplifier are 
disclosed herein, using a novel, asymmetric twin-waveguide (ATG) structure which uses 
gain to select one of the two propagating modes. The ATG structure can be effectively 
utilized with a traveling-wave amplifier (TWA), where performance up to 17dB internal 
gain and low gain ripple can be obtained. 

The ATG structure differs from the prior art symmetric twin waveguide structure 
in that the two optical modes are split unequally between the active and passive 
waveguides. This is achieved by varying the effective index of the waveguides slightly 
from that required by the symmetric mode condition. As a result, one of the modes is 
primarily confined to the passive waveguide. The mode with the larger confinement 
factor in the active waveguide experiences higher gain and becomes dominant. A smaller 
coupling ratio for the dominant mode compared to that in the symmetric structure is 
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offset by higher gain for that mode due to its confinement factor of the active region 
therein which is larger than that of the symmetric TG. 

The ATG structure of the invention uses a single material growth step, followed 
by dry and wet etching steps to delineate the active and passive devices in the upper and 
lower waveguides of the TG structure. 

In a further embodiment, the ATG structure of the invention is integrated with a 
taper coupler to retain the higher gain possible with an ATG while reducing the coupling 
losses between the active and passive devices made from the ATG structure. 

Although the present invention is described in various illustrative embodiments, it 
is not intended to limit the invention to the precise embodiments disclosed herein. 
Accordingly, this description is to be construed as illustrative only. Those who are 
skilled in this technology can make various alterations and modifications without 
departing from the scope and spirit of this invention. Therefore, the scope of the present 
invention shall be defined and protected by the following claims and their equivalents. 
The exclusive use of all modifications within the scope of the claims is reserved. 
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